Abstract The removal of the most prevalent heavy metal ions [cadmium(II), lead(II), copper(II), and zinc(II)] by adsorption on Scots pine (Pinus sylvestris L.) biochar and Silver birch (Betula pendula) biochar has been investigated, following the determination of physical and chemical adsorption properties of biochar. The efficiency of adsorption of heavy metal ions [cadmium(II), lead(II), copper(II), and zinc(II)] on biochar was studied at different concentrations of heavy metals [onefold maximum contaminant level, twofold maximum contaminant level, fivefold maximum contaminant level (in accordance with the requirements set out in the Water Framework Directive 2000/60/EC), dosages of biochar (1.6-140 g), and biochar types (Scots pine (P. sylvestris L.) biochar and Silver birch (B. pendula) biochar produced at slow and fast pyrolysis) at constant pH of leaching solution, temperature, and contact time. Adsorption capacity of Scots pine (P. sylvestris L.) biochar and Silver birch (B. pendula) biochar was assessed by the application of extended Freundlich isotherm. In this study, biochar was evaluated as a potential adsorbent to efficiently reduce concentration of heavy metal ions in metal-contaminated water. The maximum adsorption capacity were reached of copper(II) on Silver birch (B. pendula) biochar (128.7 lg g -1 ) and of zinc(II) on Scots pine (P. sylvestris L.) biochar (107.0 lg g -1 ). Adsorption capacity of lead(II) on Silver birch (B. pendula) and Scots pine (P. sylvestris L.) biochar varied from 1.29 to 3.77 and from 2.37 to 4.49 lg g -1 , respectively.
Introduction
Adsorption is widely used as effective physical method of separation in order to eliminate or lower the concentration of pollutants (organics and inorganics) in the polluted waters by application of most common adsorbents, such as silica gel, activated carbon, and aluminium oxide (Lin 1993) . Biochar, as a potential adsorbent material, is a product of thermal decomposition of organic material under the limited supply of oxygen (O 2 ) at temperatures between 350 and 700°C (Glaser et al. 2001) . Celluloserich biomass waste from agriculture and forestry (such as plant residues, wood waste, peat, cattle manure and others) is used as a feedstock (EBC 2012) . Due to the results of various studies in applications of biochar and such characteristics as porosity, high specific surface area, cation exchange capacity (Glaser et al. 2001; Downie et al. 2009 ), it would be perspective to develop biochar as a adsorbent material that can be efficiently used in metalpolluted water treatment. The urban storm water runoff treatment can be taken as an realistic example of biochar application for the removal of anthropogenic soluble heavy metals, which would reduce costs of storm water treatment by avoiding expensive materials (such as activated carbon, complexing agents for improve of removal performance) (Babel and Kurniawan 2003) . It is mostly insignificant part of urban storm water runoff that has been treated before its release into receiving waters (Muthukrishnan 2006) . Typical absence of treatment facility of urban storm water runoff can hardly assure the condition in which maximum heavy metal levels would not be exceeded. Heavy metals are not degradable (Shareef 2009 ) and the continuous increase in heavy metal contamination of estuaries and coastal waters (Kennish 1992 ) is a cause for concerns as these metals have the ability to bioaccumulate in tissues of various biotas and may also affect the distribution and density of benthic organisms (Shareef 2009 ). In different organisms' compartments, absorption of metals across cell walls involves mostly soluble metal ions (McGeer et al. 2004 ). Data of zinc and lead concentration in storm water runoff of 5-4880 and 2-493, respectively, provide information about threshold exceeding in countries of EU, USA, Switzerland, Australia (Göbel et al. 2007 ). Indicators of poor storm water runoff treatment represent that outlets of storm water runoff are derived directly to receiving waters without any treatment or that surface water treatment device is not working properly. Connecting the fact that in logging sites 70 % of wood waste (including branches, chips, barks of trees) is left to rot, potentially wood waste biochar can be integrated in the management system of polluted water.
Wood biochar is suitable for possible use as adsorbent due to such properties as a predominant microporosity (from 10 to 3000 lm) and a specific surface area (from 5 to 600 m 2 g -1 ) of produced wood biochar. Overall aim of this study was to evaluate biochar as a potential adsorbent to reduce concentration of heavy metal ions in metal-contaminated water. The objectives of this study were to (1) compare physical properties (specific surface area, porosity, and bulk density) and chemical properties (pH, CEC) of different types of biochar and evaluate which properties influenced metal adsorption more; (2) analyse the effects of the initial concentration of heavy metals, dosages of biochar, and biochar types on the adsorption of heavy metals on biochar; (3) evaluate adsorption capacity of biochar by applying extended Freundlich isotherm.
The experimental research was carried out in period of February-June, 2013, )] among deciduous trees, these types of trees were selected from potentially clean areas as wood biomass materials for biochar production. Scots pine and Silver birch trees were selected by their similar age (which was determined by diameter of trees and by annual growth rings as bands of light and dark wood in extracted core of wood), avoiding defects in trees and risk of pollution (samples were taken at the distance of 100-150 m from any roads and 2000 m from any industrial pollution sources; the annual average concentrations of pollutants (PM; CO; NO 2 ; SO 2 ; C 6 H 6 ) in the ambient air did not exceed the limit values set out in the Air Quality Directive 2008/50/EC). The samples were extracted using Haglöf Sweden increment borer (length 300 mm, core diameter 12 mm). The bark was removed and the samples were transferred into plastic bags and later dried in the kiln SNOL4 at (103 ± 2)°C for 18 h. Reweighed dry biomass was crushed into 1-2 cm long pieces. From each wood biomass, two types of biochar [under fast and slow pyrolysis process (Laird et al. 2011; Bruun 2011; Brownsort 2009 )] were produced for further experiments. The wood biomass was separately shrink-wrapped into aluminium foil (Saleh et al. 2012 ) then transferred into muffle furnace E5CK-T and pyrolysed under limited O 2 conditions:
• at the temperature of (450 ± 5)°C for 120 min (slow pyrolysis); • at the temperature of (700 ± 5)°C for 45 min (fast pyrolysis).
Four types of biochar samples were produced: (1) Scots pine biochar produced at conditions of slow pyrolysis; (2) Scots pine biochar produced at conditions of fast pyrolysis; (3) Silver birch biochar produced at conditions of slow pyrolysis; and (4) Silver birch biochar produced at conditions of fast pyrolysis. All samples were crushed into pieces of 1-10 mm using grinder after being cooled down to ambient temperature (20 ± 3°C).
Physical properties of biochar
Determination of bulk density was based on dry matter weight and the occupied volume ratio (Kathleen et al. 1992 ) using an analytical and precision balances KERN 770/GS/GJ.
The porosity, as well as the specific pore area, of Scots pine and Silver birch biochar was determined at Scientific Institute of Thermal Insulation of Vilnius Gediminas Technical University using mercury porosimeter Quantachrome Poremaster PM-33-12, which can establish a broader pore size distribution more quickly and accurately than other methods (Giesche 2006) .
Chemical properties of biochar
For the purpose of the determination of concentrations of heavy metals in biochar, dried biochar samples were fired at 450°C for 3 h to ashes. To dissolve ashes by acids, each 0.1 g of ash sample was mixed with 3 mL of HNO 3 (65 %) and 9 mL of HCl (37 %) and poured into special vessels, which were then placed into Milestone ETHOS digester and heated for 45 min. The solution was then poured into 50-mL flask and diluted with deionised water to reach the mark of 50 mL (Pundyte et al. 2011) . The concentrations of heavy metals in the samples were determined by the atomic absorption spectrophotometer Buck Scientific's 210VGP.
pH was determined by an instrumental method using a glass electrode in a 1:5 (volume fraction) suspension of biochar in deionized water. After shaking the mixture of biochar for 1 h and after allowing deionized water to stand for 1 h, the pH was measured using Mettler Toledo Seven Multi pH meter (Pundyte et al. 2011) .
CEC was determined using ammonium acetate (Nguyen and Lehmann 2009; Lehman et al. 2011; Nigussie et al. 2012; Aston et al. 2013) . Twenty-five grams of biochar was allowed to stand overnight after being thoroughly shaken with 125 mL of 1 M NH 4 OAc. The biochar was transferred in filter paper-fitted Buchner funnel. The biochar was gently washed four times with 25 mL additions of NH 4-OAc, allowing each addition to filter through. The leachate was discarded and the biochar was washed with eight separate additions of 95 % CH 3 CH 2 OH to remove excess saturating solution. The adsorbed NH 4 was extracted by leaching the biochar with 1 M KCl. The biochar was discarded and the leachate was transferred to a volumetric flask to dilute to 250 mL volume with additional KCl. The concentration of NH 4 -N was determined in the KCl extract by colorimetry (from composed ammonia calibration curve by measuring absorption intensity at k = 400 nm with photocolorimeter in 1 cm length cells, concentration of NH 4 -N was calculated using Nessler method (Tan et al. 2012) . Also NH 4 -N was determined in the original KCl extracting solution (blank) to adjust for possible NH 4 -N contamination in this reagent. Cation exchange capacity was calculated using Eq. (1):
where CEC-cation exchange capacity, cmol c kg -1 ; NH 4 -N in extract -ammonium ion concentration in the extract, mg L -1 ; NH 4 -N in blank -ammonium ion concentration in the blank, mg L -1 . Biochar with the largest CEC was chosen for further column test.
The pore diameter and length of Scots pine and Silver birch biochar samples were determined by the scanning electron microscope (SEM) JEOL JSM-7600F.
Total carbon (TC) was determined using equipment TOC-V by SHIMADZU. Samples were dried at room temperature, sieved through a 2-mm sieve, crushed, and homogenized. 1 mg of sample weighed in the combustion cell was placed in the combustion chamber.
Leaching solution and column test set-up
The leaching solutions used corresponded to the composition with onefold, twofold, and fivefold value of maximum contaminant level (MCL) for selected heavy metals ions [Cd(II), Pb(II), Cu(II), Zn(II)] in water, which is discharged to receiving waters (Table 1) in accordance with the requirements set out in the Water Framework Directive 2000/60/EC. The leaching solution was prepared by dissolving metal salts (CdSO 4 Á8/3H 2 O; Pb(NO 3 ) 2 ; Cu(NO 3 ) 2 Á3H 2 O; and Zn(NO 3 ) 2 Á6H 2 O) into deionized water. The leaching solutions were prepared with 0.1 M NaOH to adjust pH to 7.5 ± 0.02.
Seven experimental columns in compliance with ISO 21268-3 were made of organic glass with internal diameter of 56 mm and height of 50 cm and fitted with plastic filters at the bottom in order to prevent the grains passing through (Fig. 1 ). In the top part of the column, a thin layer of non-reactive rubber material is applied to ensure proper water flow over the width of the column (Mihaljevic et al. 2004) .
In order to model the biochar adsorption capacity using Freundlich isotherm and to compare adsorption capacity between different types of biochar, each column was filled with a different dose of biochar. Different types of biochar fitted-bed filled the columns with mass ratio 1:2.5:5:10:25:50:100 of biochar. Each of seven columns was filled with different dose of Scots pine biochar produced at fast pyrolysis conditions (due to high specific surface area), and then 1000 mL of leaching solution was applied to each column at constant pH (7.5) of leaching solution, temperature (23 ± 2°C in laboratory), and contact time (15-20 s). Column experiment was repeated twice with different initial concentrations of heavy metals. Then, columns were filled with the same dose of Silver birch biochar sample produced under fast pyrolysis (due to the high cation exchange capacity), and the process of filtration was repeated. High density polyethylene bottles with an appropriate volume of 1 L, and with a screw cap, for eluate collection, transportation, and preservation of eluate samples were used.
The leachate solutions obtained were filtered using qualitative filter paper with particle retention of 5-13 lm. pH was determined (ISO 10523:2008) immediately after taking the samples (Mihaljevic et al. 2004 ). Concentrations of heavy metal ions (Cd, Pb, Cu, Zn) were determined by flame atomic absorption spectrophotometer (FAAS) (Pundyte et al. 2011) .
Adsorption efficiency
Adsorption efficiency was calculated using Eq. (2):
where E-adsorption efficiency, %; C final -the concentration of heavy metal in eluate, mg L -1 ; C initial -the concentration of heavy metal in solution, mg L -1 .
Adsorption isotherm
Adsorption process is mathematically expressed by adsorption isotherms. The adsorption capacity and intensity of heavy metals on biochar has been evaluated by applying Freundlich isotherm. The capacity is defined as Eq. (3):
where X = M -the amount of adsorbed pollutant per unit mass of biochar, mg g -1 ; K-constant, capacity of the biochar for the adsorbate; C f -the solute equilibrium concentration, mg L -1 ; 1 n -function of the intensity of adsorption.
To evaluate K and 1 n , the mass of removed solute was expressed as the difference between the original and final concentrations, where X is C 0 -C f . After performing a linear regression on the logarithmic data, the intercept K and the slope 1 n were determined through the produced equation (Thavamani and Rajkumar 2013) . Extended Freundlich isotherm is widespread due to its accuracy and is recommended for most cases of multi-component adsorption. Freundlich constants were determined using the linear form of the equation for the calculation of the experimental data. The expressions for four-component adsorption system are obtained as Eqs. (4-7):
Statistical analysis and quality assurance of experiments
Each analysis was prepared and analysed in duplicates. The measurements were carried out three times and the average of the results of measurement errors was calculated. The statistical analysis was performed using Excel program. The results of arithmetic mean values with values of standard deviation were presented in graphical expression of the results. The standards of calibration are used to calibrate devices in each year. The quality of experiments was assured by blank samples such as deionized water (in determination of concentration of NH 4 -N), KCl (in determination of pH), and determination of heavy metals in leaching solution before the elution. Fig. 1 Stand for a column leaching test: 1 organic glass cylinder, 2 non-reactive material, 3 analytic funnel, 4 wooden frame, 5 1000-mL HDPE bottle, 6 biochar fitted-bed
Results and discussion
Reduction in biomass weights during the production process of biochar Different conditions of pyrolysis process (such as temperature and duration of thermal treatment) and the wood biomass type influence the reduction in mass (Downie et al. 2009 ) from Scots pine-and Silver birch-produced biochar. The proportions of produced biochar, liquid and gas, can be modified by changing the rate of heating and final temperature.
The average moisture content of fresh heartwood and fresh sapwood depends on species and seasonal variations (Glass and Zelinka 2010) . Moisture content of Scots pine sample was 49.11 %, Silver birch-70.01 %.
The weight of dry Scots pine biomass and Silver birch biomass decreased from 4.63 to 6.00 times in the production of biochar under fast pyrolysis conditions, while the weight of dry Scots pine biomass and Silver birch biomass decreased from 3.74 to 4.21 times in the production of biochar under slow pyrolysis conditions. Weight of biomass, heat-treated in fast pyrolysis conditions, decreased from 0.89 to 1.79 times more than the weight of biomass, heat-treated in slow pyrolysis conditions. When the heat treatment temperature was (700 ± 5)°C, the biochar yield reduced more than at conditions of slow pyrolysis due to increase of aromatization of biochar (Sadaka and Negi 2009; Overend 2008) .
Surface characterization
The SEM images (Fig. 2) indicated that Scots pine and Silver birch biochar samples consisted of large (40-80) lm and small (5-10) lm diameter pores, which were either located in layers (in case of Scots pine biochar) or small diameter pore layers separated by large diameter pore rows (in case of Silver birch biochar). Pore length was much greater than its diameter and not \1000 lm.
Scanning electron microscope imaging showed that heat-treated wood retains its original wood pores structure. Due to accumulation of charge on the surface of the sample, blurry images (Fig. 2a, b) were produced.
The porosity of Scots pine biochar samples was less dependent on the temperature of treatment. Porosity of Scots pine biochar samples was very insignificantly different. The sample of the highest porosity in slow pyrolysis of Silver birch was 8.4 % more porous than the highest of the fast pyrolysis ( Table 2 ). The specific surface area increased with increased temperatures of thermal treatment (Table 2) . However, the temperature at which deformation occurred was potentially reached and specific surface area was subsequently lost. Pore structure of Silver birch biochar samples was significantly different from that of the Scots pine biochar samples. Both the porosity and pore surface area were smaller.
pH of eluates
Most aquatic biota is sensitive to pH variations; fish reduction and change in other species occur when the pH is altered outside their tolerance limits (Novotny and Olem 1994) . Even the pH of acid rain water is lower than 7; in discharges of urban storm water runoff, pH usually is slightly alkaline (in range of 7.49-8.19 (Adedeji and Olayinka 2013; Milukaite et al. 2010 ; Kaminskas 2012; Eiviene and Tricys 2011)) due to in-built environment-used detergents and soap-based products. In urban areas, cementitious porous pavement appears as a passive unit operation for storm water runoff acid neutralization (Kuang and Sansalone 2011). Due to higher pH of Scots pine biochar, pH of eluate resulted from elution through Silver birch biochar slightly increased more than pH of eluate resulted from elution through Scots pine biochar (Fig. 3) .
Highly alkaline biochar could increase pH of treating water above the limits (according to international standards, pH of treated effluent water (including storm water runoff) should access the limits of 6.5-8.5).
The carbon fraction of the biochar acted as a weak alkali and partially buffered the pH of the system. Raising the pH made toxic metals less soluble, and adsorbing the positively charged metal ions removed them from the solution.
Effect of an initial heavy metal concentration
The effect of initial heavy metal concentration on adsorption of heavy metals by two types of biochar is shown in Fig. 4 .
The temperature, contact time, pH, dosage of biochar fixed-bed were kept the same. When the concentration of heavy metals increased, available adsorption sites were occupied, and, as the result, it was followed by decrease in adsorption efficiency (Thavamani and Rajkumar 2013) .
Though the specific surface area of Scots pine biochar was 1.45 times higher than that of Silver birch biochar, the higher efficiency of adsorption of heavy metals on Silver birch biochar was easily noticeable. It is possibly due to 2.38 time higher cation exchange capacity of Silver birch biochar than cation exchange capacity of Scots pine biochar. 
Effect of biochar dosage
The effect of dosages of two different types of biochar on adsorption of heavy metals is shown in Fig. 5 . The temperature, contact time, pH, and initial concentration of heavy metals were kept constant. The adsorption of heavy metals increased, when the dosage of adsorbent increased. The increase of specific surface area of an adsorbent was followed by the increases of the number in sites available for adsorption (Thavamani and Rajkumar 2013) .
Adsorption isotherm
Freundlich isotherm was used to represent adsorption of heavy metals from metal-contaminated solution on biochar.
The curvature and steepness of the isotherm is determined by K f and n (Low and Lee 2000) . The affinity of the adsorbent towards the uptake of heavy metal ion is indicated by the value of n (Dada et al. 2013): when n = 1, partition between the two phases is independent of the concentration; when 1/n \ 1, normal adsorption occurs; when 1/n [ 1, cooperative adsorption occurs (Mohan and Karthikeyan 1997) . When value of n is in range between unity and ten, adsorption process is favourable (Goldberg 2005) . A linear regression on the logarithmic data (Fig. 6 ) produced the equations in plots [e.g., Eq. (8)]. Using the equation, parameters were calculated:
The value of n = 1.1 indicated the favourableness of the adsorption of Zn(II) onto Silver birch biochar.
The approximate indicators of the adsorption capacity K and the adsorption intensity n of all isotherm equations are shown in Table 3 .
The values of n [ 1 indicated the degree of nonlinearity between solution concentration and adsorption as physical process (Desta 2013) . In all cases, n is between one and ten (Table 3) , so the adsorption process was favourable. R 2 values confirm that the Freundlich isotherms fitted the experiments. The higher adsorption capacity of Silver birch biochar was more frequently than adsorption capacity of Scots pine biochar.
The expressions in general form for four-metal adsorption system were obtained in Eqs. (9-12):
where q Cd , q Cu , q Pb , q Zn -the amount of adsorbed heavy metal per unit mass of biochar, mg g -1 ; K Cd , K Pb , K Cu , K Zncapacity of the biochar for the heavy metal; C Cd , C Cu , C Pb , C Zn -the pollutant equilibrium concentration, mg L respectively. The maximum adsorption capacity were reached of Cu(II) on Silver birch biochar (128.7 lg g -1 ) and of Zn(II) on Scots pine biochar (107.0 lg g -1 ). The most frequently selectivity sequence of heavy metal ions adsorption on Scots pine biochar: Cd(II) [Pb(II) [Zn(II) [Cu(II) ; and the selectivity sequence of heavy metal ions adsorption on Silver birch biochar: Cd(II) [Zn(II) [Pb(II) [Cu(II) . In the sequence, each heavy metal, which was to the left of the previous one, had the higher adsorption selectivity than that one to the right. The adsorption of Cd(II) on both types of biochar was optimum, the adsorption of Cu(II) on both types of biochar was the Fig. 7 . The difference between amounts of heavy metals in leaching solutions and eluate match the adsorbed amounts of heavy metals in biochar.
The concentrations of heavy metals in biochar samples before and after the application of adsorption satisfied the premium thresholds (Cd \ 1 g t -1 ; Pb\ 120 g t -1
; Cu \ 100 g t -1 ; Zn\ 400 g t -1 ) defined in European Biochar Certificate (European Biochar Foundation 2011), so biochar can be applied again or reused for other purposes such as improvement of agricultural soil, soil rehabilitation in the contaminated sites, and energy production.
Due to statistical reliability, the extended Freundlich expressions can be recommended for evaluation of adsorption of heavy metals on Silver birch and Scots pine biochar in the stream of storm water runoff. Heavy metal ions removal efficiency of 35-37 % on Silver birch biochar can be taking into account projecting facilities for treatment of the metal-polluted water.
Conclusion
Due to advantageous physical and chemical characteristics (such as porous network and cation exchange capacity) of biochar, the interest towards adsorption processes and efficiency of various pollutants on different types of biochar has increased in recent years. Current work indicated the opportunity to treat efficiently metal-contaminated water by adsorption onto biochars of Silver birch and Scots pine.
Due to higher pH of Scots pine biochar, pH of eluate resulted from elution through Silver birch biochar slightly increased more than pH of eluate resulted from elution through Scots pine biochar. The attention should be focused on highly alkaline biochar, which could increase pH of treating water above the limits.
Adsorption efficiency of both types of biochar decreased with increased initial concentration of heavy metals ions. The adsorption of heavy metal ions increased, when the dosage of adsorbent increased. The capacity and intensity with which biochar adsorbed heavy metal ions from leaching solution had been modelled by the application of Scots pine biochar Fig. 7 Concentration of heavy metals (Cd, Pb, Cu, Zn) in biochar samples before and after adsorption extended Freundlich isotherm. It reflected the heterogeneous properties of the surfaces and favourable adsorption process.
